A methylcellulose suspension system that prevents cell-surface contact with the substrate was used to study the role of cell adhesion in the regulation of proliferation. The nonadhesive conditions established by suspension culture cause BALB/c 3T3 (A31) cells to enter a Go state of growth arrest within 48 hr as defined by an inhibition of DNA synthesis and a suppression of c-myc and histone mRNA expression. The adhesion of these suspension-arrested cells rapidly induces c-fos, c-myc, and actin gene expression. This stimulation did not depend on the presence of serum since the adhesion of suspension-arrested cells, in the absence of serum, also induced the expression of c-fos and c-myc mRNAs. In addition, adhesion onto fibronectin increased the number of cells able to respond to epidermal growth factor and insulin and progress into S phase. These results indicate that adhesion of suspensionarrested cells activates the Go/Gj transition independent of growth factors.
arrest within 48 hr as defined by an inhibition of DNA synthesis and a suppression of c-myc and histone mRNA expression. The adhesion of these suspension-arrested cells rapidly induces c-fos, c-myc, and actin gene expression. This stimulation did not depend on the presence of serum since the adhesion of suspension-arrested cells, in the absence of serum, also induced the expression of c-fos and c-myc mRNAs. In addition, adhesion onto fibronectin increased the number of cells able to respond to epidermal growth factor and insulin and progress into S phase. These results indicate that adhesion of suspensionarrested cells activates the Go/Gj transition independent of growth factors.
The proliferation of nontransformed fibroblasts in culture is dependent on adhesion to a solid surface. This property is considered a criterion for normal cell growth and is termed anchorage dependence (1) . The work of Penman and coworkers (2) (3) (4) has revealed that most macromolecular metabolic processes in normal cells are also dependent on adhesion. Suspension of both 3T3 and 3T6 cells in methylcellulose resulted in an inhibition of RNA production and protein synthesis. The recovery of these processes occurs in a coordinate fashion and is dependent on cell adhesion and extensive spreading (5) . The stringent regulation of these metabolic processes during suspension and reattachment is lost as cells become increasingly transformed (6, 7) .
Adhesion has not been extensively studied as a growth regulatory mechanism. Earlier investigations established a direct correlation between the degree of cell spreading or change in cell shape and growth rate, as measured by DNA synthesis (8) (9) (10) (11) (12) (13) . Most of our knowledge of the growth cycle, however, has arisen from studies on the action of soluble growth factors on cells arrested by serum deprivation or by contact inhibition. Activation of such cells initiates the transition from Go into G1 and involves a set of second messenger responses that ultimately alter gene expression (14, 15) . The specific mechanisms responsible for integrating the effects of growth factors and cell adhesion during cell growth are unknown. Cellular interactions with particular extracellular matrix (ECM) proteins have been suggested as potential components in processes that regulate gene expression associated with growth and differentiation (16, 17) . In fact, recent studies have revealed that binding of growth factors during growth activation alters the organization of the cytoskeleton within the adhesion plaque (18) .
Studies with the growth control systems of serum deprivation and density inhibition cannot adequately address questions relating to adhesion since both systems are dependent on substrate interactions. We have therefore exploited a system in which cell growth is regulated in response to attachment to a surface. Suspension of BALB/c 3T3 (clone A31-CL7) fibroblasts in methylcellulose culture for prolonged periods of time caused the majority of cells to enter a Go state, based on the cessation of DNA synthesis and a reduction in c-myc and histone H3.2 mRNA expression. The results presented here demonstrate an induction of c-fos, c-myc, and actin mRNAs by reattachment. The role of adhesion, as separate from that of growth factors, was also addressed. Adhesion in the absence of serum was shown to induce c-fos and c-myc mRNA and, thus, initiate the entry of quiescent cells into G1. Subsequent progression of these activated cells into S phase was shown to require epidermal growth factor (EGF) and insulin and extensive spreading on an extracellular matrix. The direct involvement of components of the adhesion plaque in mechanisms that regulate growth is discussed.
METHODS
Cell Culture. BALB/c 3T3 fibroblasts, subclone A31-CL7 (A31) (gift of J. Campisi) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% calf serum and 4 mM glutamine as described (19) . A31 cell stocks were discontinued after passage 13 and new cultures were started from frozen stocks.
Methocel medium (methyl cellulose 4000 centipoise, Dow Chemical) was prepared as described by Benecke et al. (2) . Exponential-phase cells were grown to -70% confluence, treated with trypsin, and suspended in Methocel supplemented with 10% calf serum, 4 mM glutamine, and 10 mM Hepes at a concentration of 1.5 x 105 cells per ml. Suspended cells were harvested as described (2) with methanol and processed for autoradiography as described by Campisi et al. (19) .
RNA Isolation and RNA Blot Analysis. Isolation and filter hybridization analysis of total cellular RNA were performed as described elsewhere (20, 21) . The nitrocellulose filters were hybridized to 32P-labeled cDNA clones at 0.5-1 x 106 cpm per lane. The various cDNA probes used were as follows: c-myc (22) , c-fos (23), histone 3.2 (H3.2) (24), fibronectin (25) , actin (20) , and f3-tubulin (RBT-3) (21). The nitrocellulose filter was autoradiographed on preflashed film.
Si Nuclease Analysis. S1 nuclease quantitation for c-myc mRNA was performed by the method of Berk and Sharp (26) as modified by Favalaro et al. (27) . RNA (10 I&g) was hybridized for 18 hr with 32P-labeled c-myc probe (30,000 cpm) and then samples were digested at 370C with 300 units of S1 nuclease. The undigested fragments were electrophoresed on 8 M urea/6% acrylamide gel, and the gels were autoradiographed on preflashed film.
In Vitro Nuclear Run-On Transcription. Nuclei were isolated and in vitro transcription run-on assays were carried out as described by Greenberg and Ziff (28) . A31 cells were isolated after 5 min of reattachment to allow separation of cells from methylcellulose contamination. Equal numbers of counts were hybridized to nitrocellulose filters to which cDNA clones had previously attached by a slot blot technique.
RESULTS

Expression of mRNAs Corresponding to Cytomatrix and Growth-Associated Genes During Suspension of A31 Cells in
Methylcellulose. The that DNA synthesis decreased to 2% of exponential levels within 48 hr of suspension culture as demonstrated in Swiss 3T3 cells (2) .
The expression ofp-tubulin and actin decreased by a factor of 4-5 in suspension culture. The levels of fibronectin mRNA, however, increased 5-fold above those measured during exponential growth. There are minor fluctuations in the abundance of some ofthese mRNAs at select time points, which result from discrepancies in sample loading and do not affect the analysis of overall trends in mRNA expression during the suspension period. These results indicate that during suspension culture the expression of growth-related and cytoskeletal genes was depressed; however, the cells appear to maintain the ability to selectively stimulate the expression of fibronectin genes.
Adhesion Induces the Expression of Growth-Associated Genes. To determine whether the pattern of gene expression induced in response to adhesion was similar to that seen after serum activation, the expression of c-fos, c-myc, actin, (3-tubulin, and histone H3.2 genes was analyzed as biochemical markers for growth activation and progression into S phase. Adhesion of suspension-arrested A31 cells in 10% serum induced a rapid (within 30 min) and transient increase in the level of c-fos mRNA, which decreased to undetectable levels by 2 hr (Fig. 2) . There was also a 10-fold increase in the relative abundance of c-myc mRNA within 2 hr of adhesion.
The expression of both c-fos and c-myc followed the same apparent kinetics as those observed in serum-stimulated serum-deprived fibroblasts (28, 30 (Fig. 2) . This paralleled the recovery of general mRNA synthesis as reported for suspension-arrested Swiss 3T6 cells (2, 4, 5) and coincided with the onset of DNA synthesis.
The induction of c-fos mRNA in response to adhesion was demonstrated to be directly related to the Go/G1 transition and not simply to the manipulations during replating (Fig.  2B ). A31 cells were suspended for increasing periods of time and at the times shown, cells were harvested, allowed to adhere to tissue culture dishes for 30 min, and c-fos mRNA levels were measured (Fig. 2B) . It is apparent that the extent of c-fos expression is dependent on the length of time in suspension culture, which correlates with the number of cells entering a Go state. A similar increase in c-fos expression in response to serum stimulation was previously shown to correlate with the length of time fibroblasts were maintained in low serum (31) . Increased Transcription of c-fos and Actin Genes in Response to Adhesion. Prolonged suspension of 3T3 fibroblasts not only arrests growth but also induces an extensive cessation of most macromolecular processes, including transcription. The induction of c-fos and actin gene expression in response to serum stimulation of quiescent fibroblasts was shown to be controlled exclusively at the level of transcription (28, 32, 33) . We questioned, therefore, whether the expression of these genes in response to adhesion was also transcriptionally regulated, especially since previous studies by Ben-Ze'ev et al. (5) demonstrated that the recovery of general transcription in suspension-arrested Swiss 3T6 cells requires extensive cell spreading and coincides with S phase. Transcriptional analysis of c-fos and actin genes in suspension-arrested A31 cells at 5 and 15 min after reattachment was measured by in vitro nuclear run-on assays. Adhesion caused a rapid and specific induction of c-fos and actin transcription but had no effect on the transcriptional activity of the ,3-tubulin gene (Fig. 3A) . Fig. 3B further reveals that the rapid activation of transcription of c-fos and actin genes is accompanied by an equally rapid increase (within 15 min of adhesion) in the levels of the corresponding mRNAs. Our data, therefore, A indicate that stimulation by cell substrate contact is capable of activating specific genes required for growth, even when the overall activity of the nucleus is suppressed as a result of the altered cell morphology (5).
Interplay Between Cell Adhesion and Growth Factors in Regulating Gene Expression. In the experiments outlined above, the only apparent variable was the extent of cell adhesion since the same concentration of serum was present during both suspension and reattachment. This fact does not necessarily mean that growth factors are not involved in the induction of gene expression. It is quite possible that the change in cell morphology may somehow alter the interaction of the cells with specific growth factors and thereby regulate growth. Fig. 3B (lane 30-) reveals that cells growth-arrested by suspension culture in 10% serum could be stimulated to induce the expression of c-fos and actin mRNAs in response to adhesion in the presence of low concentrations of serum (0.4%). During these experiments, however, it is possible that growth factors in the suspension culture medium remain associated with the cell surface and are activated during adhesion.
To define the role of adhesion as separate from that of growth factors, cells were serum deprived while in suspension culture by decreasing the serum concentration to 0.4%. Cells were then replated in the presence or absence of serum, either onto plastic or fibronectin coated plates. The overall morphology of the cells was analyzed under these conditions since we considered that these different culture environments may dramatically affect the extent of adhesion and thereby influence the ability to induce gene expression. Notably, at 30 min of adhesion there was little morphological difference at this level of analysis between all the different plating conditions (Fig. 4) in the rate and extent of spreading in response to serum and/or fibronectin became more apparent. After 24 hr, there was a distinct difference in the overall morphology ofthe cells adhering to plastic in 10% serum compared to cells on plastic in the absence of serum. Cells reattached in 1o serum spread extensively, while cells plated without serum adopted a more spindle type morphology (Fig. 4) . The morphology of cells on fibronectin matrix assumed an intermediate shape. This demonstrates that there are other undefined factors in serum besides fibronectin, possibly soluble growth factors or additional extracellular matrix components, that are important for cell spreading.
Adhesion in the absence of serum onto fibronectin matrix, or when it occurred efficiently on tissue culture plastic, was able to induce the expression of the growth-related genes c-fos and c-myc (Fig. 5) . As shown previously, the expression of these two genes is negligible in suspension (Figs. 2 and 3) . These data suggest that the process of adhesion, independent of the presence of growth factors, is capable of influencing gene expression associated with growth activation.
Progression into DNA Synthesis Requires EGF, Insulin, and
Fibronectin Matrix. The adhesion of suspension-arrested fibroblasts in the absence of serum was sufficient to activate a Go to G1 transition, based on the expression of c-fos and c-myc, but was not capable of facilitating progression into S phase in the absence of additional growth factors. Cells arrested by suspension in 0.4% serum were allowed to adhere onto either tissue culture plastic or fibronectin-coated dishes in the presence of serum, EGF alone, insulin alone, or EGF and insulin together. Progression into S phase was measured by incorporation of [3H]thymidine into nuclei. Addition of EGF or insulin alone was unable to induce DNA synthesis, indicating that the adhesion-activated cells exist in early G1 (34, 35) . When EGF and insulin were added together to fibroblasts plated onto tissue culture plastic, there was a small increase in the number of cells entering S phase. This number, however, increased 2-fold when cells were allowed to adhere to fibronectin in the presence of EGF and insulin (Fig. 6) . It is quite apparent that EGF, insulin, and fibronectin together still only induce progression into S phase to a level 25-30%o of that achieved by addition of 10%o serum. In addition, these components did not facilitate the same degree of spreading as that observed in 10% serum (data not shown).
These data suggest that there may be a cooperation between progression factors and adhesion onto fibronectin that is important for passage of cells through the cell cycle. Fibronectin facilitates adhesion and spreading of fibroblasts on substrate and is required for cells treated with trypsin to adhere to a surface when plated in the absence of serum (36) . Trypsin-treated cells that are maintained in suspension culture for more than 24 hr can adhere in serumfree conditions (Fig. 4) . This may be due to the synthesis and extracellular secretion of fibronectin during suspension as indicated by the extensive increase in the level of fibronectin mRNA during suspension culture. A similar increase in fibronectin mRNA levels was not observed in cells arrested by high density (data not shown), which suggests that the expression of components involved with adhesion may result from the lack of contact with the substratum. It seems likely that fibronectin protein is produced in suspension culture and coats the cell surface. The matrix formed around the cell may then mediate adhesion during reattachment and thereby facilitate the activation of gene expression associated with Go/G1 transition. Fibronectin synthesis is also induced by type P transforming growth factor, a soluble growth factor that maintains growth of anchorage-dependent fibroblasts in soft agar (37) . The induction of fibronectin mRNA during suspension in methylcellulose presumably involves an alternative mechanism other than type ( transforming growth factor since growth is not sustained in these cells.
Previous studies addressing the morphological control of cell growth have directly correlated the extent of DNA synthesis with alterations in cell shape (8) (9) (10) (11) (12) (13) . Any mechanism that focuses on cell shape, however, must also consider numerous other parameters that may influence growth; for Cell Biology: Dike and Farmer
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Cell Biology: Dike and Farmer instance, cell volume (8), membrane surface area (12) , nuclear shape (38) , and cytoskeletal organization (39, 40) among others. Our studies and others' (38) (41, 42) . These pathways may involve a series of phosphorylation events that are dependent on the activation of protein kinases (14, 15, 43) . It is possible that adhesion may induce gene expression associated with the Go to G1 transition through one or more of these systems.
Alternatively, the cytoskeleton, whose organization may be altered during the process of adhesion, may be involved in signal transduction to the nucleus (40, 44) . Several studies have indicated that microtubules and microfilaments may act directly to regulate growth (40) , and a recent study (18) demonstrated that activation of density-arrested cells with platelet-derived growth factor resulted in the rapid dissociation of vinculin and actin stress fibers from the adhesion plaque, the site of attachment to the extracellular matrix in spread fibroblasts. Evidence (45) suggests that particular components of the adhesion plaque may be targets for second messenger enzyme activity, such as those requiring a Ca2+ influx. Although the role of the cytoskeleton in growth activation is unclear, it has important implications for fibronectin-induced gene expression. Microfilaments are associated with the extracellular matrix components at the adhesion plaque through the transmembrane protein integrin (43, 46) . Phosphorylation events occurring at the adhesion plaque (43, 47) may contribute to the transduction of mitogenic signals to the nucleus by altering the organization of the cytoskeleton. This mechanism could involve a direct cytoskeletal pathway to the nucleus or it may affect the availability of soluble growth factor receptors for their ligands.
Our study demonstrates that fibronectin facilitates the progression of cells in the growth cycle. While it has been suggested that fibronectin and other ECM components may directly affect gene expression, to our knowledge this has never been directly demonstrated. Growth stimulation and gene activation by the ECM cannot be adequately addressed in serum-deprived and confluent fibroblasts because the ECM is an abundant and constant component in these tissue culture systems. Receptors for matrix components in these cells would be unavailable for new stimulation except potentially during the process of wounding a fibroblast monolayer.
In fact, studies have demonstrated that in the absence of serum factors, wounding stimulates c-fos expression in those cells peripheral to the wound (48) . The altered adhesion of cells in the wound could possibly direct the stimulus for gene expression.
We suggest that the suspension system outlined in these studies provides a unique means of analyzing the role of the ECM, its receptors, and its interaction with the microfilament system in the activation of gene expression during growth.
